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We use a previously proposed theory for the temperature dependence of tunneling magnetoresistance to shed
light on ongoing efforts to optimize spin valves. First we show that a mechanism in which spin valve perfor-
mance at finite temperatures is limited by uncorrelated thermal fluctuations of magnetization orientations on
opposite sides of a tunnel junction is in good agreement with recent studies of the temperature-dependent
magnetoresistance of high quality tunnel junctions with MgO barriers. Using this insight, we propose a
simple formula which captures the advantages for spin-valve optimization of using materials with a high
spin polarization of Fermi-level tunneling electrons, and of using materials with high ferromagnetic transition
temperatures. We conclude that half-metallic ferromagnets can yield better spin-value performance than cur-
rent elemental transition metal ferromagnet/MgO systems only if their ferromagnetic transition temperatures
exceed ∼ 950 K.
I. INTRODUCTION
Magnetic tunnel junctions1 (MTJs) have attracted
considerable attention over the past 20 years2,3 because
their use in read heads4 has improved magnetic memory
devices, and because they have potential applications in
magnetic switches, magnetic random access memories,5
and in spin torque6,7 and caloritronic8 devices. A MTJ
consists of two ferromagnetic layers separated by a tunnel
barrier which is normally not magnetic (see Fig. 1). The
resistance of a MTJ depends strongly on the relative ori-
entations of the magnetizations of the two ferromagnetic
layers. For most applications performance is optimized
by achieving the largest possible ambient temperature
value of the tunneling magnetoresistance (TMR):
TMR(T ) =
GP (T )−GA(T )
GP (T )
=
RA(T )−RP (T )
RA(T )
. (1)
Here, GP (T ) (GA(T )) and RP (T ) (RA(T )) are the con-
ductances and resistances at temperature T for parallel
(P ) and antiparallel (A) magnetization alignments. With
this definition a perfect spin-valve, one in which the tun-
nel current is completely shut-off for A alignment, has
TMR = 1. In order to achieve a useful device it is im-
portant not only that TMR(0) is close to one, but also
that its TMR(T ) does not decrease substantially with
increasing T up to the intended operation temperature.
In this article we propose a simple formula for the TMR
temperature dependence, show that it describes the prop-
erties of current high-quality tunnel junctions, and use it
to comment on strategies for achieving better MTJs.
II. THE STONER MODEL OF T = 0 TMR
The magnetic and transport properties of most metal-
lic ferromagnets are accurately described at T = 0 by a
mean-field theory9, typically the Kohn-Sham equations
of density functional theory, in which majority and mi-
nority spin states experience self-consistently determined
FIG. 1. (Color online) Schematic illustration of a magnetic
tunnel junction (MTJ). In the high resistance state the mag-
netizations of the left and right magnetic films at T = 0 are
exactly opposite (top panel) and the exchange potential ex-
perienced by transport electrons of a given spin changes sign
across the junction. At finite temperature (bottom panel)
thermal fluctuations of the left and right magnetizations pre-
vent the layers from maintaining the orientations which max-
imize the tunnel resistance, allowing a larger current (yellow
arrow) to pass through the barrier and reducing the TMR
ratio.
spin-dependent potentials. In the following, we use ↓ to
refer to the majority spin orientation on the left side of
the tunnel barrier. With this nomenclature, the ↓ poten-
tial is more attractive than the ↑ potential on both sides
of the barrier for P magnetization alignment, whereas
for A alignment the ↓ potential is more attractive on
the left side while the ↑ is more attractive on the right
side. When spin-orbit coupling is neglected, ↑ and ↓
electrons contribute independently to the conductance
in both cases. Because the mean-field Hamiltonians are
different, the ↑ and ↓ conductances are different in P
and A cases, and in the P case also different from each
other. Landauer-Bu¨ttiker theory10 can be reliably ap-
plied to calculate the conductances of accurately charac-
terized tunnel junctions:
GP = G
MM +Gmm, (2a)
GA = G
Mm +GmM = 2GMm. (2b)
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2Here, the superscript MM refers to majority-spin
to majority-spin tunneling, mm to minority-spin to
minority-spin tunneling and Mm to majority-spin to
minority-spin tunneling. In simplified tunneling Hamilto-
nian models with spin-independent tunneling amplitudes
the conductance contributed by each spin is proportional
to the product of its density of states on the two sides of
the tunnel barrier, so that GP ∝ ν2M +ν2m, GA ∝ 2νMνm,
and TMR(0) > 0. Although this model never strictly
applies to real materials, the TMR nevertheless has a
strong tendency to be positive because of the exchange
potential jumps across the junction in the A alignment
case. The case of half-metallic ferromagnets,11 in which
only majority-spin states or only minority-spin states are
present at the Fermi level, provides an extreme example
because this property implies that GMm = Gmm = 0,
and hence perfect spin valve behavior with TMR(0) = 1.
If the Stoner model captured all relevant physics, the
search for optimal spin valves would reduce to a search
for half-metallic ferromagnets. Indeed, this search has
attracted considerable attention in the spintronics mate-
rials community.11,12 However, remarkably high perfor-
mance spin valves can still be constructed using materi-
als in which both majority and minority spins are present
at the Fermi level. These junctions generally take ad-
vantage of the property that majority-spin wave func-
tions of elemental transition-metal ferromagnets decay
more slowly than minority-spin wave functions in MgO
and other insulating barrier materials13, causing the ra-
tio of GMMP to G
mm
P and G
Mm
A to grow exponentially
with tunnel barrier thickness within the Stoner model.
The increase in TMR with barrier thickness is even-
tually limited by phonon-assisted tunneling and other
beyond-Stoner-model effects. It is nevertheless possible
to achieve values of TMR(0) as large as 0.879 in devices
with practical values of the tunnel resistance.7
III. TMR AT FINITE TEMPERATURES: THEORY
As we now explain, uncorrelated thermal fluctuations
in magnetization orientation on opposite sides of the tun-
nel barrier degrade spin-valve performance. This physics
is absent in the Stoner model and arises in formal the-
oretical analyses from the interaction between quasipar-
ticle and spin-wave excitations of the ferromagnets.14 It
follows that there is a competition in the search for op-
timal spin valves between choosing materials that are ef-
fectively close to being half-metallic and choosing materi-
als that have high ferromagnetic transition temperatures
and correspondingly reduced magnetization orientation
fluctuations.
Below we propose a simple approximate expression
for the finite temperature tunnel magnetoresistance
TMR(T ) which depends only on TMR(0) and on ζ(T ) =
Ms(T )/Ms(0), where Ms(T ) is the saturation magneti-
zation. In the following, we first present a qualitative
discussion which justifies the expression, and then dis-
cuss some of its limitations. The expression is motivated
by the analysis of the one-particle Green’s function of an
itinerant electron ferromagnet presented in Ref. 14. As
shown there, at non-zero temperatures both majority-
spin and minority-spin Green’s functions have poles at
both minority-spin and majority-spin quasiparticle ener-
gies. Provided that the quasiparticle exchange splitting
is larger than spin-wave energies, and that the tempera-
ture is low enough that only long-wavelength spin waves
are thermally excited, the residue of the majority-spin
Green’s function is (1 + ζ(T ))/2 at majority-spin quasi-
particle poles and (1−ζ(T ))/2 at minority-spin quasipar-
ticles poles. Similarly, the residue of the minority-spin
Green’s function is (1 − ζ(T ))/2 at majority-spin quasi-
particle poles and (1 + ζ(T ))/2 at minority-spin quasi-
particles poles. The interpretation of these theoretical
results is straight forward. Because of thermal fluctu-
ations in magnetization orientation an electron with a
given definite spin has a finite probability at finite tem-
perature of being a majority-spin electron and a finite
probability of being a minority-spin electron.
When these temperature-dependent quasiparticle
weights are included, many of the deficiencies of the
Stoner theory of itinerant electron magnetism are re-
paired. In particular, it is no longer difficult to recon-
cile the temperature dependence of the magnetization,
which is controlled by long-wavelength thermally excited
magnons whose occupation numbers are given by the
Bose distribution function, with the temperature depen-
dence of electron quasiparticle occupation numbers that
are given by the Fermi distribution function. In addition,
we can repair the theory of TMR by adding the indepen-
dent conductivities contributed by the two average spin
orientations and in each case assigning probabilities for
instantaneous spin orientations on each side of the junc-
tion. For example, the majority-spin conductivity in the
P alignment case is
GMM (T ) = λ(T )
[
GMM
(
1 + ζ(T )
2
)2
+Gmm
(
1− ζ(T )
2
)2
+ 2GMm
(
1 + ζ(T )
2
)(
1− ζ(T )
2
)]
. (3)
This approximation leads to
GP,A(T ) = λ(T )
[
(GMM +Gmm)
(
1± ζ(T )2
2
)
+2GMm
(
1∓ ζ(T )2
2
)]
=
λ(T )
2
[
GP
(
1±ζ(T )2)+GA(1∓ζ(T )2)], (4)
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FIG. 2. (Color online) Color-scale plot of TMR(T = 300 K)
as a function of TMR(0) and the ferromagnetic critical tem-
perature Tc assuming that ζ(T ) = 1 − (T/Tc)3/2. The solid
lines are contours of constant TMR(T ) separated in value by
0.1. The symbols plot the TMRfit(300 K) values of Tab. I us-
ing the same color code as in Fig. 3. All data points reported
as being measured on the same sample are represented by the
same color throughout this paper. The error bars represent
uncertainties in determining values from published figures.
where the upper (lower) sign refers to the P (A) align-
ment case. Hence we find that
TMR(T ) = TMR(0)
ζ(T )2
1− TMR(0)(1− ζ(T )2)/2 . (5)
The factor of λ(T ) in Eqs. (3) and (4) accounts for the
Fowler-Nordheim15,16 thermal smearing effects responsi-
ble for the temperature dependence of tunneling conduc-
tances in non-magnetic systems. At low temperature,
λ(T ) usually increases quadratically with increasing tem-
perature (see App. A). Note that with these definitions
λ(0) = ζ(0) = 1. In Fig. 2 we plot TMR(T = 300 K) as a
function of TMR(0) and the ferromagnetic critical tem-
perature Tc by assuming that ζ(T ) = 1 − (T/Tc)3/2 to
interpolate the dependence of magnetization between low
temperature and the Curie temperature. Based on this
plot we conclude that in searching for optimal spin-valve
behavior a very high ferromagnetic transition tempera-
ture is at least as important as good low-temperature
spin-valve behavior.
Eq. (5) becomes exact14 when (i) there are no ex-
change interactions and therefore no correlations between
magnetization orientations across the tunnel barrier, (ii)
Boltzmann weighting factors are large only for magneti-
zation configurations in which orientations change slowly
on a lattice constant length scale, (iii) thermal fluctua-
tions at the interfaces between nanomagnets and tunnel
barriers are similar to those of bulk magnetic material,
and (iv) the tunneling amplitude across the barrier is
spin-independent. Among these four conditions the first
two are normally safely satisfied. Because magnetiza-
tion fluctuations are typically larger at surfaces of nano-
magnets or at interfaces with non-magnetic materials,
the factor ζ(T ) in Eq. (5) should likely be chosen to be
smaller than the bulk magnetization thermal suppres-
sion factor, enhancing the importance of a high Curie
temperature in achieving good spin valves. The fourth
requirement for Eq. (5) is the most seriously violated
in most TMR systems. For example, spin-dependent
tunneling figures prominently in yielding the very large
value of TMR(0) in FeCo/MgO TMR systems.13 Con-
ceptually, TMR(T ) should be performing a Boltzmann-
weighted average of TMR values calculated for all real-
ized magnetization configurations. Most configurations
have substantial non-collinearity particularly inside the
tunnel barrier. The main effect of thermal fluctuations
is that non-collinearity increases GA, and thus reduces
the TMR. The property that the typical degree of local
non-collinearity is greater in materials with lower mag-
netic transition temperatures is captured by Eq. (5). The
reliability of this equation is discussed further below.
IV. TMR AT FINITE TEMPERATURES: EXPERIMENT
We have compared recent TMR measurement
reports3,7,17,18 which contains values for both GP (T ) and
GA(T ) (or equivalently RP (T ) and RA(T ) or the corre-
sponding resistance-area products) with Eq. (4), forcing
agreement by fixing the values of λ(T ) and ζ(T ):
ζ2(T ) =
GP (T )−GA(T )
GP (T ) +GA(T )
/
G0P −G0A
G0P +G
0
A
, (6a)
λ(T ) = (GP (T ) +GA(T ))/(G
0
P +G
0
A). (6b)
In Fig. 3 we plot experimental data from Refs. 3,
7 (top row) and Refs. 17,18 (bottom row). In
Refs. 3,7 the authors analyzed sputter-deposited
CoFe(B)/MgO/CoFe(B) MTJs, whereas in Refs. 17,18
the authors analyzed epitaxial MBE-grown Fe/MgO/Fe
junctions. In all these studies, the MgO tunnel barrier
was oriented along (100). Fig. 3 presents fits of this data
to Eq. (4) using T = 0 conductance and TMR values,
and Tc along with a characteristic Fowler-Nordheim tun-
neling temperature scale TFN as fitting parameters (for
details see App. A). A summary of the MTJ sample ge-
ometries, key data values, and the parameters obtained
by fitting the TMR data is given in Tab I. As seen in
Fig. 3, the fits generally describe the temperature de-
pendence of the data well and are most accurate for the
MBE-grown Fe/MgO/Fe samples.
It is important to observe that there are data
in the literature which are not well described by
our theory. One example are the observations re-
ported in Ref. 19, summarized in Fig. 4, which stud-
ied 30 MnxGa100−x/tCoFeBCoFeB/0.4 Mg/2.2 MgO/0.2
Mg/1.2 CoFeB MTJ stacks. The thickness tCoFeB of the
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FIG. 3. (Color online) Left column: RP (T ) and RA(T ) normalized to their zero-temperature values for the samples studies
in Refs. 3,7,17,18 compared with the fitting formulas proposed in this paper. Right column: ζ(T ) (left axis) and λ(T ) (right
axis) fits. GP (T ) + GA(T ) increases with temperature in a manner similar to typical behavior for tunneling between non-
magnetic metals. At the same time TMR(T ) decreases as thermal fluctuations reduce the dependence of conductance on mean
magnetization orientations. The end result is that RP (T ) (RA(T )) is more weakly (strongly) temperature dependent than in
normal metals. The error bars in these plots represent uncertainties in determining values from published figures.
Ref./Sample MTJ structure T effc [K] TMRfit(0) TMRfit(300 K) TMRexp(300 K)
Parkin et al., 2004, S1 3.0 Co70Fe30/2.9 MgO/15.0 Co84Fe16 1235± 11 0.742± 0.001 0.627± 0.001 0.635± 0.006
Parkin et al., 2004, S2 3.0 Co70Fe30/3.1 MgO/15.0 Co84Fe16 1022± 14 0.749± 0.002 0.595± 0.002 0.590± 0.06
Hayakawa et al., 2006 3.0 Co40Fe40B20/1.5 MgO/3.0 Co40Fe40B20 1647± 58 0.879± 0.003 0.800± 0.003 0.81± 0.02
Wang et al. 2008 25.0 Fe/3.0 MgO/10.0 Fe 1146± 10 0.761± 0.001 0.631± 0.001 0.63± 0.02
Ma et al., 2009, S1 25.0 Fe/3.0 MgO/10.0 Fe 1061± 9 0.761± 0.001 0.614± 0.001 0.630± 0.005
Ma et al., 2009, S2 25.0 Fe/2.1 MgO/10.0 Fe 910± 13 0.684± 0.002 0.509± 0.002 0.512± 0.008
Ma et al., 2009, S3 25.0 Fe/1.5 MgO/10.0 Fe 978± 14 0.622± 0.002 0.474± 0.002 0.477± 0.009
TABLE I. Comparison of experimental room temperature TMR data from Refs. 3,7,17,18 to our theory, Eq. (5). The stack
layer thicknesses are in nm units. The errors stem from uncertainties in determining values from published figures.
CoFeB layer adjacent to the (Mn,Ga) was varied between
0 and 1.5 nm. Our theory completely fails to describe the
two samples with tCoFeB = 0 nm and tCoFeB = 1.0 nm for
which the influence of the MnxGa100−x layer is largest.
The authors state that Mn atoms in these samples diffuse
into the MgO layer. It seems likely that the Mn atoms
induce local moments in the MgO that are detrimental
for TMR and lie outside the physics that our approxi-
mate formula aims to capture. For the sample in this
series with the thickest CoFeB, tCoFeB = 1.5 nm, curves
in Fig. 4 are more similar to those in Fig. 3 above about
100 K.
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FIG. 4. (Color online) Left panel: P and A resistances vs. temperature for the data of Ref. 19. Right panel: ζ(T ) (left axis)
and λ(T ) (right axis) calculated from the data using Eq. (6) and normalized to their values at T = 4 K. For sample S1:
tCoFeB = 0 nm, S2: tCoFeB = 1.0 nm, S3: tCoFeB = 1.5 nm. The error bars represent uncertainties in determining values from
published figures.
V. SUMMARY AND CONCLUSIONS
We have proposed a simple formula, Eq. (5), for the
temperature-dependent TMR of a MTJ. Eq. (5) captures
the property that the effectiveness of a tunnel-junction
spin-valve depends both on the way in which spin-
dependent exchange potentials influence the transport
properties of electronic quasiparticles driven through a
tunnel junction by a bias voltage, and on the degree
to which those exchange potentials thermally fluctuate
around mean values which can be controlled experimen-
tally. The physics which controls the value of the TMR
at T = 0 depends mainly on electronic structure con-
siderations in magnetic materials which are often accu-
rately described by spin-density functional theory. For
specific material combinations TMR(0) can be calculated
accurately by separately evaluating the tunnel conduc-
tances of P and A magnetization configurations using
the Landauer-Bu¨ttiker formula10 and the Green’s func-
tion methods of nanoelectronics. TMR(0) reaches its
maximum value when either only majority or only mi-
nority spins are present at the Fermi level, i.e. in the
case of half-metallic ferromagnetism. However, for suffi-
ciently thick barriers quite large values of TMR(0) can
still be achieved when both minority and majority spins
have substantial presence at the Fermi energy, provided
that the wave functions of one or the other decay more
slowly in the tunnel barrier. At finite temperatures elec-
tronic structure theory considerations do not capture the
most important source of TMR temperature dependence,
uncorrelated thermal fluctuations in magnetization ori-
entation on opposite sides of the tunnel barrier. This
effect is captured in a very simple way in Eq. (5), where
TMR(T ) is related to the degree to which thermal fluctu-
ations reduce the magnetization close to the tunnel bar-
rier, ζ(T ) = Ms(T )/Ms(0). In order to interpret litera-
ture experimental data using Eq. (5), we have assumed
that in any viable spin-valve system we can use the low-
temperature expression ζ(T ) = 1 − (T/Tc)3/2 for ζ(T ).
The Tc values we obtain by fitting literature TMR data
to Eq. (5), listed in Tab. I, should be understood not lit-
erally as ferromagnetic critical temperature values, but
as a number which characterizes the relative strength of
thermal fluctuation effects in particular MTJ systems.
The fact that the TMR fitting temperatures are never-
theless in each case comparable to the true ferromagnetic
critical temperatures associated with the employed ma-
terials (Tc ∼ 1040 K in bulk Fe, ∼ 1400 K in bulk Co),
provides strong evidence that we have correctly identi-
fied the origin of temperature dependence. In the light
of this agreement, we are confident that Eq. (5) can be
used to estimate the room temperature TMR of high-
quality spin-valve systems given only their TMR(0) and
the magnetic critical temperature of its magnetic con-
stituents (see Fig. 2). We can therefore conclude that the
room temperature TMR values of spin-valves fabricated
with half-metallic magnetic materials can exceed those of
existing spin-valves fabricated with Fe, Co, CoFeB, and
similar magnetic materials combined with MgO tunnel
barriers only if the half-magnetic material has a critical
temperature exceeding at least ∼ 900 K. The highest re-
ported room temperature TMR value with standard ma-
terials is ∼ 0.81 (Ref. 7). According to Eq. (5), this value
is achieved for TMR(0) = 1 if ζ(300 K) = 0.825 which
corresponds to T effc = 960 K. These considerations rule
clearly out most known half-metallic magnetic materials,
with ferrimagnetic Fe3O4 (Tc = 858 K) standing out as
a notable exception.
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Appendix A: Fitting procedure
We extracted resistance (or resistance-area product)
data RA,P (T ) from Refs. 3,7,17,18. Starting from Eq. (4)
in the main text, we can express ζ(T ) and λ(T ) in terms
of the measured resistances using
ζ2(T ) =
RA(T )−RP (T )
RA(T ) +RP (T )
/
RA(0)−RP (0)
RA(0) +RP (0)
, (A1a)
λ(T ) =
RA(T ) +RP (T )
RA(T )RP (T )
/
RA(0) +RP (0)
RA(0)RP (0)
(A1b)
with λ(0) = ζ(0) = 1. As discussed in the main text,
we expect the temperature dependence of the satura-
tion magnetization behaviour to fall off in temperature as
ζ(T ) = 1− (T/T effc )3/2 for T < T effc and fit results at all
temperatures using a single parameter T effc which reflects
the strength of thermal magnetization fluctuations in the
MTJ device. λ(T ) accounts for the Fowler-Nordheim
thermal smearing effects15,16 and is commonly modeled
using λ(T ) = [(T/TFN)/ sin(T/TFN)] ≈ 1 + (T/TFN)2/6,
where we have introduced a Fowler-Nordheim tempera-
ture TFN defined by TFN = dF /(pikB). dF is the barrier
decay length expressed in energy units and can be di-
rectly related to the barrier height.16 We have used one
parameter TFN to fit the measured resistances at all tem-
peratures.
Because zero-temperature data are not always avail-
able we have found it convenient to perform instead a
closely related four-parameter fit of the temperature-
dependent P and A resistances by defining
ζ˜(T ) =
(
RA(T )−RP (T )
RA(T ) +RP (T )
)1/2
, (A2a)
λ˜(T ) =
RA(T ) +RP (T )
RA(T )RP (T )
, (A2b)
and fitting measured values to the following functions:
ζ˜(T ) = ζ˜0
[
1− (T/T effc )3/2
]
, (A3a)
λ˜(T ) = λ˜0
[
(T/TFN)/ sin(T/TFN)
]
. (A3b)
The values of the four parameters T effc , TFN, ζ˜0, λ˜0 which
provide the best fits to the data shown in Fig. 3 are listed
in Tab. II. From these fit parameters we obtain TMR(0)
using:
RP,A(0) = 2/[λ˜0(1± ζ˜20 )], (A4a)
TMR(0) = 2ζ˜20/(1 + ζ˜
2
0 ). (A4b)
Ref./Sample T effc [K] TFN [K] ζ˜0 λ˜0 [Ω
−1]
Parkin et al., 2004, S1 1235 268 0.768 6.55 · 10−3
Parkin et al., 2004, S2 1022 249 0.774 1.655 · 10−2
Hayakawa et al., 2006 1647 366 0.885 2.90
Wang et al. 2008 1146 367 0.784 3.781 · 10−5
Ma et al., 2009, S1 1061 406 0.784 7.83 · 10−7
Ma et al., 2009, S2 910 459 0.721 7.58 · 10−5
Ma et al., 2009, S3 978 ∞ 0.672 1.129 · 10−3
TABLE II. Fit parameters for data from Refs. 3,7,17,18.
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